Cell membranes of Streptococcus mutans BHT serotype b were prepared after glass bead disruption or mutanolysin digestion of whole cells. Immunoblot analyses of BHT membrane extracts revealed major polypeptides of 42,000, 46,000, 62,000, and 82,000 daltons, as well as several minor bands, to be reactive with rabbit anti-human heart immunoglobulins. Heart cross-reactive antigens have been reported in the cell walls and culture fluids of several S. mutans serotypes. This represents the first report of cell membrane-localized heart cross-reactive antigens in this oral pathogen. Positive enzyme-linked immunosorbent assay and immunoblot reactions were also obtained with heart tissue antigen and anti-BHT sera, indicating mutual cross-reactivity. The major cross-reactive component detected by immunoblotting of human heart extracts was a 69,000-dalton polypeptide.
A vaccine against Streptococcus mutans, the presumed etiologic agent of human dental caries, has been the subject of great interest for several years (4, 12) . It has stimulated intensive research focused on the immunobiology of caries and on the immunoglobulin class, secretory immunoglobulin A (IgA), prevalent in the oral cavity. For a current review of this important area, see the article by McGhee and Michalek (14) . Because beta-hemolytic streptococci are known to induce tissue cross-reactive antibodies in humans, there was concern when van de Rijn et al. (30) reported that rabbit antisera raised against various S. mutans serotypes cross-react with human heart (HH) and skeletal muscle tissue as detected by indirect immunofluorescence. These findings soon were confirmed by other investigators using both indirect immunofluorescence and crossed immunoelectrophoresis (8, 10, 19) . It was clear that the development of a safe and effective anti-caries vaccine would require greater knowledge of key surface immunogens of S. mutans. In recent years, a series of cell wall-localized proteins of S. mutans has been isolated, characterized, and tested in monkeys for abilities to protect against dental caries. Russell and collaborators have concentrated their studies on four proteins, A through D, present in cell walls and culture fluids of S. mutans Ingbritt. Antigen B provided excellent protection against dental caries in experimental animals (21) but was found to possess immunological cross-reactivity with a heart tissue protein (19) and, indeed, was identical with a cell wall component, antigen IF, found by Hughes et al. (10) to be heart cross-reactive. Antigen B is a 190,000-dalton glycoprotein found in cell walls and culture supernatants of all S. mutans serotypes except b (19, 20) . Lehner and colleagues have studied a series of antigens they have designated I through IV. Russell and Lehner (18) reported the existence of the four antigens in culture supernatants and on cell walls of serotype c strains, with a major component being a double antigen called I/II. This antigen is a 185,000-dalton moiety that is partially susceptible to common pro-* Corresponding author.
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teases, leading to the formation of antigens I and 11 (17) . It has been detected in culture fluids and on cell walls of every serotype except b (17, 33) . The double antigen I/II has been shown to be particularly effective in inducing immunologic protection against caries in monkeys.
The apparent similarity of antigens I/II, B, and IF led Forester et al. (9) to undertake a careful comparative study of these purified proteins. They found each of these antigens to be a 185,000-dalton glycoprotein. Double-diffusion serologic analyses with specific antiserum for each antigen indicated absolute immunologic identity. The authors concluded that I/II also is a heart cross-reactive antigen (HRA). Bergmeier and Lehner (1), however, found no significant titers of anti-HH antibodies in rabbits and rhesus monkeys immunized with purified I/II.
All of the work reviewed above concerns cross-reactive antigens isolated from walls or culture supernatants of S. mutans serotypes, excepting serotype b. Our initial discovery of heart cross-reactivity in S. mutans, however, was made with strain BHT, a member of serotype b (30 Preparation of antigens for immunoblotting studies. Bacterial antigens used for immunoblots consisted of membranes from BHT cells grown to late-exponential phase in chemically defined medium. Our previous studies (7) of the chemical composition and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) profiles of the BHT membrane had indicated that polypeptide patterns remained essentially constant throughout the growth cycle. Thus, late-exponential phase cells were chosen for study to generate the highest yield of actively growing cells.
HH tissue antigen was prepared as follows. Pooled atrial appendage material from several donors was chopped into small pieces and homogenized in PBS. The homogenate was centrifuged, and the pellet was extracted in PBS containing 1% SDS for 30 min at room temperature. The suspension then was homogenized on ice for several minutes with a Dounce homogenizer. This preparation was centrifuged at 10,000 x g for 30 min to remove connective tissue and other large debris. The supernatant then was subjected to centrifugation at 30 ,000 x g for 45 min. The final supernatant served as antigen for immunoblotting studies.
SDS-PAGE. SDS-PAGE was accomplished by using the discontinuous buffer system of Laemmli (11) . A 5% acrylamide stacking gel and a 10% acrylamide resolving gel were used in these studies. Samples (either BHT membrane VOL. 48, 1985 on October 19, 2017 by guest http://iai.asm.org/ Downloaded from suspensions or heart tissue extracts) were diluted 1:1 with 2 x concentrated sample buffer (7) and heated at 100°C for 5 min before application to the gel. After sample application, electrophoresis was begun at 20 mA of constant current per slab until the bromophenol blue tracking dye reached the interface between the stacking and resolving gels, at which time the current was increased to 30 mA per slab. SDS-PAGE runs were conducted at 15°C with constant cooling by a circulating water bath. Electrophoresis was continued until the dye migrated to within 10 to 20 mm of the bottom of the gel (4 to 5 h). Molecular weights of polypeptides were estimated by using protein standards of known molecular weights (Dalton Mark VII; Sigma).
Transfer of polypeptides from SDS-PAGE gel to nitrocellulose (blotting). Transfer of polypeptides to nitrocellulose essentially followed the protocol of Towbin et al. (28) [Sigma] ) for at least 1 h at 37°C to saturate any remaining protein adsorption sites. Strips which were not immediately used were stored in blocking buffer at 4°C. After removal of the blocking buffer, strips were incubated overnight in primary antisera diluted in blocking buffer. Strips treated with preimmune sera served as controls. This incubation, as well as all subsequent steps, was performed at room temperature with continuous rotation on an orbital shaker (Bellco Glass, Inc., Vineland, N.J.). Strips then were washed four times (10 min each wash) in blocking buffer. They were then incubated for 2 h in a peroxidaseconjugated IgG fraction of goat anti-rabbit IgG (heavy and light chain specific; Cappel) diluted 1:1,000 in blocking buffer. The strips then were washed twice in blocking buffer and twice with Tris-buffered saline (50 mM Tris-HCl [pH 7.4] containing 150 mM NaCl). Finally, they were immersed in 40 ml of Tris-buffered saline, to which 8 ml of a 3-mg/ml solution of 4-chloro-1-naphthol (Sigma) prepared in methanol was added. The peroxidase reaction then was initiated by adding 48 p.l of a 30% H202 solution. Positive reactions were determined by the appearance of bluish black bands. Reactions were allowed to run for 20 to 30 min. Strips were washed in distilled water and stored in the dark.
RESULTS
Demonstration of cross-reactive antigens in S. mutans BHT membranes by ELISA. Figure 1 presents ELISA data obtained with BHT membrane antigen by using anti-BHT serum (Fig. 1A) and anti-HH sera (Fig. 1B and C) . As expected, the homologous reaction (Fig. 1A) was very strong, with significant immune reactivity down to a 1:64,000 dilution. The heterologous reactions (Fig. 1B and C) were much weaker, requiring higher concentrations of antibody to attain similar levels of reactivity. Figure 1B (Fig. 1) . It is important to recognize that these two anti-HH sera originated from two different laboratories and yet demonstrated qualitatively identical immunoreactivities with BHT membrane antigen, despite the fact that different immunogen preparations and immunization schedules were used. These reactions clearly demonstrated the existence of membrane-associated HRAs in S. multans BHT, further buttressing the ELISA (Fig. 1B and C) data.
Demonstration of cross-reactive antigens in HH tissue by ELISA. ELISA data obtained with HH antigen are illustrated in Fig. 3 . Figure 3A depicts the homologous reaction with anti-HH serum (rabbit 224), and Fig. 3B and C show the reactions obtained with anti-BHT sera (rabbits 202 and 203). The latter two sera displayed very different reaction patterns. Serum from rabbit 202 (Fig. 3B) (Fig. 3B) , mean absorbance values for the immune serum from rabbit 202 are significantly higher (P < 0.05, except for the 1:50 dilution) than the preimmune values. A much more convincing cross-reaction was observed with serum from rabbit 203 (Fig. 3C) . Strikingly less preimmune reactivity was apparent in this animal, although there was a linear response with the preimmune serum at the three highest concentrations tested, suggesting a specific low-level immune reaction.
Demonstration of cross-reactive antigens in HH tissue by immunoblotting. A series of protein blots of SDS-extracted HH tissue is presented in Fig. 4 . The homologous reaction (rabbit 196) displays the expected multitude of reactive polypeptides. The heterologous reaction with anti-BHT serum (rabbit 202) shows several cross-reactive polypeptides, with a sharply defined major band at 69,000 daltons, two other major bands at 54,000 and 32,000 daltons, and a cluster of polypeptides between 40,000 and 50,000 daltons. There is also a minor band at approximately 68,000 daltons. It should be pointed out that the lower-molecular-weight bands did not react consistently by immunoblotting; however, the higher-molecular-weight polypeptides (69,000 and 68,000)
were always seen. Reactions with these higher-molecularweight polypeptides were also observed with serum from rabbit 203 (data not shown). Preimmune reactivity was also seen with serum from rabbit 202, particularly with the 54,000-dalton polypeptide, and was seen very faintly with the 69,000-dalton band and several bands in the 40,000-to 50,000-dalton range. This would certainly be expected, based on the ELISA data (Fig. 3B) . Preimmune reactions were a particular problem with several of our anti-BHT sera and may have obscured other cross-reactive polypeptides. Thus, the data shown here probably represent the minimum number of cross-reactive polypeptides, since the exquisite sensitivity of the immunoblotting technique made a very cautious interpretation of the results necessary. However, these results, along with the ELISA (Fig. 3B and C) FIG. 4 . Immunoblots of HH tissue antigens. HH tissue polypeptides were resolved by SDS-PAGE by using 10% gels and electrophoretically transferred to nitrocellulose sheets. Lane S indicates a blot (60 ,ug of protein) stained for protein with naphthol blue black.
Remaining blots (20 pg of protein) were reacted with antisera prepared against HH tissue (rabbit 196, 1:50 dilution) and S. mutans BHT (rabbit 202, 1:500 dilution). A 1:500 dilution of the heterologous serum was used because of the presence of a mottled background at lower dilutions which obscured the reactive polypeptides. Antigen-antibody reactions were visualized with peroxidase-conjugated goat anti-rabbit IgG (1:1,000). Lanes P illustrate reactions with preimmune sera, and lanes I show results obtained with immune sera. Molecular weights of cross-reactive polypeptides are indicated at right; KD, kilodaltons.
DISCUSSION
The studies presented here confirm and extend the findings of van de Rijn et al. (30) regarding the presence of HRAs in the cytoplasmic membrane of S. mutans BHT and also demonstrate the existence of mutually cross-reactive antigens associated with HH tissue. Much attention (9, 19, 20) has been focused in recent years on the wall-associated and extracellular HRAs of S. mutans, and the cell membrane has been all but ignored. Similarly, there has been a dearth of information in the literature concerning the molecular characterization of the cross-reactive heart tissue antigen. In this investigation, we applied the sensitive immunochemical techniques of ELISA and immunoblotting to study of this problem.
In any investigation concerned with the detection of immunological cross-reactivity between microbial and mam- First, bacteria were cultured in a chemically defined medium to avoid the possibility of contamination of membranes by components of complex growth media, e.g., peptides derived from beef heart tissue, a constituent of the commonly used Todd-Hewitt broth. Stinson and Jones (25) demonstrated that such peptides with molecular weights in excess of 12,000 adsorb readily to the surface of S. mutans BHT and related strains. Furthermore, these peptides were found to be able to induce heart cross-reactive antibodies in rabbits. Therefore, it was imperative to use a chemically defined medium to eliminate the possibility of foreign antigens in microbial membrane extracts displaying cross-reactive properties with anti-HH sera.
Another important factor to be considered when investigating possible immunologic cross-reactions is the presence of Fc receptor sites on the bacterial surface. Fc receptor sites are well-recognized components of the streptococcal cell surface (16) and allow the nonspecific attachment of immunoglobulin molecules to such cells. If present in membrane extracts, such receptor proteins would mimic tissue cross-reactive antigens. Fortunately, Shea and Ferretti (22) failed to detect Fc reactivity in S. mutans BHT. As a precaution, however, we submitted our BHT strain to M. D. P. Boyle, University of Florida, for detection of Fc receptors by his recently published method (16) for measuring direct uptake of immunoglobulins by whole bacteria. Boyle (personal communication) confirmed the findings of Shea and Ferretti (22) .
Examination of preimmune sera was mandatory to check for the presence of antibodies directed against streptococcal membrane components or HH tissue in normal rabbits before immunization. Natural antibodies against S. mutans would certainly not be unexpected in rabbits, as these organisms are part of the normal oral flora. The presence of anti-HH antibodies in such animals, however, would be more difficult to account for. Two possible explanations have already been suggested above, namely, the production of antibodies against HRAs of normal oral streptococci and the production of autoantibodies against rabbit heart tissue which cross-react with HH tissue. Nevertheless, the increased reactivity of immune versus preimmune sera by ELISA ( Fig. 1 and 3 ) and by immunoblotting ( Fig. 2 and 4 ) strongly supports the idea that a specific cross-reactive antibody response is generated upon immunization.
Great care was exercised to secure fresh, sterile HH tissue (atrial appendages) directly from the surgical table to prevent contamination with microbial antigens introduced from the environment. It is still possible, however, that reactions displayed in Fig. 3B and C and 4 are not due to a constitutive human antigen but instead to an adherent microbial antigen present in the subject before the operative procedure. Donors were free of endocarditis and other obvious infections immediately before surgery, but their medical histories may not have disclosed prior infections by invasive streptococci. The work of Stinson and Bergey (24) suggests that small S. pyogenes polypeptides of 18,000 to 20,000 daltons can bind to cardiac tissues with great avidity under their experimental conditions. If the reactions reported here were due to such external antigens, we would be dealing with immune complex formation rather than with true tissue cross-reactivity. Res. 60(B):1191, 1981) have obtained data showing that anti-S. mlutans sera react with heart tissue from germfree rats which had never been exposed to streptococci. This indicates that antigens cross-reactive with S. mutans are constitutive tissue components in that mammalian system. Thus, the weight of the evidence reported in this communication strongly suggests that HRAs reside in the cytoplasmic membrane of S. mutans BHT and that mutually crossreactive molecules exist in association with HH tissue. The relevance of the microbial antigens to pathogenesis is not evident, especially since S. mutans usually is noninvasive, but the possible hazards which would be presented if these factors were included in anti-caries vaccines for humans cannot be underestimated (2) . Whether the mammalian antigen is a constitutive tissue component or an adherent microbial antigen may be debatable at this point, but it is also debatable whether there would be any consequent difference to a host receiving an inappropriately formulated vaccine. The distinction between an autoimmune reaction and immune complex disease would be a subtle one indeed.
Still unclear is the relationship between the S. miutans BHT membrane antigens described herein and the wall-associated and extracellular HRAs found in other strains of S.
muttans. Work is currently in progress in our laboratory in an attempt to establish whether such a relationship exists. We have obtained preliminary data with monospecific antisera prepared against antigen B (kindly provided by R. R. B. Russell, Royal College of Surgeons, Downe, England) and antigen P1 (courtesy of K. W. Knox and H. Forester, Institute of Dental Research, Sydney, Australia) which indicate that the BHT membrane HRAs cross-react with these well-characterized wall and extracellular antigens (unpublished observations). Further work along these lines is in progress.
In summary, we have demonstrated that HRAs are found in membranes of S. mutans BHT and that mutually crossreactive antigens exist in association with HH tissue. Further immunochemical studies of S. mlutans membranes are warranted to ascertain whether membrane-localized HRAs can be found in other strains. Comparisons with membranes of other streptococcal species clearly are required to detect this important antigen, if present, in species more invasive than the etiologic agent of dental caries. Of particular interest would be a comparative study of the S. miutans membrane HRA with the well-characterized membrane HRAs of S. pyogenes (31) .
